Melanins in Auricularia auricula (A. auricula) dried fruit-bodies and A. auricula fermentation broths were isolated and purified. The physicochemical properties and antioxidant activities of these two melanins were investigated. The results indicated that A. auricula dried fruit melanin and A. auricula fermentation broth melanin possessed the same solubility, redox, and spectroscopic properties, which were very similar to those of the typical melanin. However, A. auricula fermentation broth melanin powder presented lower values (L * , a * , b * , C * , and h • ) than A. auricula dried fruit melanin powder in visual color, thus indicating that melanin purified from A. auricula fermentation broth is more darkly colored than  those from A. auricula dried fruit. In addition, both melanins, particularly those obtained  from A. auricula fermentation broth, exhibited a strong antioxidant activity by evaluating  Fe 2+ -chelating ability, DPPH radical scavenging activity, and superoxide radical scavenging  activity. Consequently, melanins could be potentially used as a healthful food colorant. 
INTRODUCTION
The frequent discovery of harmful effects of synthetic pigments on human health has led to public interest in natural pigments as an alternative in the food industry. Melanin is a high molecular weight pigment (generally of red, black, or brown color) produced from oxidative polymerization of phenolic or indolic compounds. [1] Melanins from natural sources, such as black-bone silky fowl, [2] Osmanthus fragrans' seeds, [3] and black tea leaves, [4] possess similar physicochemical properties. These physicochemical properties include strong light absorbance, unusual solubility, and remarkable redox properties. In addition, melanin has a number of healthful functions, such as antioxidation, [2, [5] [6] [7] anti-HIV activity, [8, 9] and immunomodulatory activity. [10] As a result, there has been a strong consumer demand to use melanin in the food industry as a natural colorant, due to its safety and biological activities, particularly in comparison to synthetic dyes.
ZOU ET AL.
Auricularia auricula (A. auricula), a precious macro-fungus, has been used as a food and drug in China for a long time. [11] It is reported that A. auricula has several biological activities, including antioxidant [12, 13] and antitumor activity. [14] A. auricula fruit-bodies, a kind of edible black-brown mushroom, are rich in melanin and are increasingly popular as a "black food" in China. Melanin is considered to be one of the most important functional components in these "black food." There are many reports about the research on isolation and characterization of melanin, [2] [3] [4] 15] however, the extraction process of melanin from tissues of A. auricula fruit-bodies is tedious and expensive. In addition, A. auricula fruitbodies grow on solid mediums; the time to complete the fruit-bodies is also long and the product quality control is difficult. [16] A large amount of melanin could also be produced by A. auricula through submerged culture, which has been widely utilized for the production of valuable bioactive compounds. [17] [18] [19] This method has many advantages, including short fermentation period, low producing cost, high product output, and easy downstream processing. [16] From a previous experiment, melanin has been extracted from A. auricula fruit-bodies and its preliminary physicochemical properties have been investigated. [20] However, there is little information available about physicochemical properties and biological activities of melanin from A. auricula fermentation broths in current reports. In this study, melanins were isolated and purified from A. auricula dried fruit-bodies (AADF) and A. auricula fermentation broths (AAFB), respectively. Their physicochemical properties and antioxidant activities were investigated and compared.
MATERIALS AND METHODS

Materials
Dried fruit-bodies of A. auricula were purchased from a local market in Dongning City (Heilongjiang Province, China), pulverized and sifted through a 40-mesh sieve. The powder (moisture content 12-15% on a dry basis) stored in dark bags to prevent from moisture and light. The fungal strain A. auricula RF201 was purchased from the Institute of Edible Mushroom of Jiangsu Academy of Agricultural Sciences (Jiangsu Province, China). Stock cultures were maintained on potato dextrose agar (PDA) slants and subcultured every two months. Slants were inoculated with mycelia and incubated at 25 • C for 7 days.
Isolation and Purification of AADF Melanin
The extraction process of melanin was carried out according to the method of Zou et al. [20] A. auricula fruit-bodies powder was washed with running water at a ratio of 30 ml/g (water/raw materials) for 5 min, followed by centrifugation at 4000 rpm for 5 min. The precipitate was immersed into water at a liquid-solid ratio 43 ml/g and the initial pH was adjusted to 12.0 with 1 M NaOH. Then, the mixture was sonicated at 43 • C for 36 min by an ultrasound cleaning bath (KQ250-DB, Kunshan Ultrasound Instrument Co. Ltd., Jiangsu Province, China) working at an ultrasound input power of 250 W. Afterward, the sample was centrifuged at 4000 rpm for 5 min and the supernatant containing melanin was obtained. In order to achieve the highest yield of melanin, the extraction process was repeated twice.
Purification of melanin was performed as described by Wu et al. [7] with proper modification. Melanin extract was first adjusted to pH 2.0 with 3 M HCl to precipitate melanin, followed by centrifugation at 10,000 rpm for 20 min and the pellet was collected. The crude melanin was hydrolyzed with 7 M HCl at 100 • C for 2 h. The non-hydrolyzable melanin collected by centrifugation (10,000 rpm, 20 min) was washed with chloroform, ethyl acetate, and ethanol, and then dissolved in 1 M NaOH. The pH value of water phase was adjusted to 2.0 with 3 M HCl. After centrifugation (10,000 rpm, 20 min), the pellet was washed with deionized water for three times. Finally, the purified melanin was lyophilized and stored at −20 • C.
Preparation and Purification of AAFB Melanin
For production of the inoculum, the strain was transferred to seed medium (potato dextrose broth medium) with 6-mm diameter discs from PDA plates. Four discs were inoculated to 50 ml of liquid medium in an Erlenmeyer flask (250 ml) and then incubated at 25 • C on a reciprocating shaker (100 rpm) for 5 days. The inoculum (10%, v/v) was transferred into an Erlenmeyer flask (250 ml) containing 50 ml of fermentation medium consisted of 30% (v:v) wheat bran extract, 0.4% (w:v) casein, 0.2% (w:v) L-tyrosine, 0.1% (w:v) copper sulfate, 0.1% (w:v) magnesium sulfate, 0.1% (w:v) potassium dihydrogen phosphate, and 0.01% (w:v) vitamin B 1 . Afterward, it was cultivated at 25 • C for 5 days at pH 8.0 and a rotation time of 100 rpm. Fermentation medium was centrifuged (4000 rpm, 5 min) and filtered to remove mycelia and insoluble particles. The pH value of the supernatant was adjusted to 2.0 with 3 M HCl to precipitate melanin, followed by centrifugation at 10,000 rpm for 20 min and pellet collection. Thereafter, the crude melanin was purified as described above. Finally, the purified melanin was lyophilized and stored at −20 • C.
Physicochemical Properties of AADF Melanin and AAFB Melanin
Visual color. Visual color of melanin powder was measured using a Minolta colorimeter (CR-400; Minolta Camera Co. Ltd., Osaka, Japan) with the Hunter Lab color system. The color values were expressed as L * (whiteness or brightness/darkness), a * (redness/greenness), and b * (yellowness/blueness). The three color parameters were converted into C * (chroma) and h • (hue angle) using the following equations:
Solubility. The melanin (100 mg) was added to 10 ml of water, aqueous acid, alkali, or common organic solvents (such as ethanol, methanol, chloroform, acetone, ether, petroleum ether, benzene, ethyl acetate, butanol, etc.) under stirring for 1 h, and stood for 0.5 h, and then filtered. The absorbances of solutions were recorded at 400 nm in a UV-2802 diode array spectrophotometer (Unico Instrument Co. Ltd., Princeton, NJ, USA) to attain the solubility of melanin. [3] Redox properties. Redox properties of melanin were measured according to the basic procedure designed with minor modifications. [21] Ten milliliters of 100 mg/L melanin solutions and 50 ml of different concentrations of KMnO 4 , K 2 Cr 2 O 7 , NaOCl, and Na 2 SO 3 were mixed, and then the homogenate absorbance was determined at 400 nm.
UV-VIS absorption spectra.
The AADF melanin and AAFB melanin were separately dissolved in alkaline distilled water (pH 10.0) at a final concentration of 20 mg/L. The UV-VIS absorption spectra of the melanin solutions were scanned using a UV-2802 diode array spectrophotometer (Unico Instrument Co. Ltd.) at wavelengths ranging from 200 to 800 nm.
Infrared spectroscopy. Lyophilized melanin were mixed with infrared grade KBr at a ratio of 1:200 and pressed into disks under vacuum using a spectra lab pelletiser (FY-60, Sichuang Scientific Co. Ltd., Tianjin, China). Infrared spectra (4000-500 cm −1 ) were recorded on a Fourier transform infrared spectrophotometer (IR-200; Thermo Fisher Scientific Inc., Madison, WI, USA).
Assessment of Antioxidant Activities of AADF Melanin and AAFB Melanin
Determination of Fe 2+ -chelating ability. The chelating activity of melanin on Fe 2+ was determined as reported by measuring the formation of ferrous iron-ferrozine complex. [22] Different concentrations of melanin (0.2, 0.4, 0.6, 0.8, and 1.0 mg/ml) was mixed with 3.7 ml of deionized water, and then reacted with FeSO 4 (2 mM, 0.1 ml). The reaction was allowed to proceed for 30 s. After 0.2 ml of 5 mM ferrozine was added, the solution was mixed, left to stand for 10 min at room temperature, and then the mixture absorbance was determined at 562 nm. A lower level of absorbance indicated a stronger chelating activity. The chelating activity of melanin on Fe 2+ was calculated using to the following equation:
where A 0 was the absorbance of the control (deionized water, instead of sample), and A 1 was the absorbance of the test sample mixed with reaction solution.
Assay of scavenging activity on DPPH radical. Assessment of the scavenging ability of melanin on DPPH radical was performed by the method previously described by Tu et al. [2] with a minor modification. Melanin solution (2 ml) in 95% ethanol at different concentrations (0.02, 0.04, 0.06, 0.08, and 0.10 mg/ml) was added to 2 ml 0.2 mM solution of DPPH in 95% ethanol. The mixture was shaken vigorously and left to stand for 30 min in the dark, and then the absorbance was measured at 517 nm against a blank. The scavenging ability of DPPH radical was calculated using the following equation:
where Ac was the absorbance of DPPH solution without sample (95% ethanol, instead of sample solution), Ai was the absorbance of the test sample mixed with DPPH solution, and Aj was the absorbance of the sample without DPPH solution (95% ethanol, instead of DPPH solution).
Assay of scavenging activity on superoxide radical. The superoxide radical scavenging activity of melanin was evaluated according to the method detailed by Martinez et al. [23] Each 3 ml of reaction mixture contained 50 mM of sodium phosphate buffer, pH 7.8, 13 mM of methionine, 2 µM of riboflavin, 100 µM of EDTA, 75 µM of NBT, and 1 ml of the melanin of different concentrations (0.2, 0.4, 0.6, 0.8, and 1.0 mg/ml). The production of blue formazan was then followed by monitoring the increase in absorbance at 560 nm after a 10 min illumination from a fluorescent lamp. The entire reaction assembly was enclosed in a box lined with aluminum foil. Identical tubes with reaction mixture were kept in the dark and served as a blank. The scavenging activity of superoxide radical was calculated using the following equation:
Statistical Analysis
The experimental results were expressed as means ± SD of triplicates. Statistical analysis was performed using Fisher's F-test. P < 0.05 was regarded as significant and P < 0.01 was very significant.
RESULTS AND DISCUSSION
Isolation and Purification of AADF Melanin and AAFB Melanin
In this study, the crude melanins were isolated from fruit-bodies and fermentation broths of A. auricula, respectively. After further purification by acid hydrolysis, organic solvents (chloroform, ethyl acetate, and ethanol) treatment, and repeated precipitation, 120.05 mg/100 g yield of pure AADF melanin and 523.90 mg/L yield of pure AAFB melanin were obtained, respectively. It was observed that higher melanin yield could be obtained from fermentation broths of A. auricula. This might be caused by the production of tyrosinase from A. auricula, which catalyzed L-tyrosine or polyphenols into melanin. Thus, more melanin could be synthesized through fermentation.
Physicochemical Properties of AADF Melanin and AAFB Melanin
Color of melanins. Color values of AADF melanin and AAFB melanin were shown in Table 1 . Results from the colorimeter indicated that AAFB melanin presented a significantly lower value of L * than AADF melanin in the Hunter Lab color system (P < 0.05), suggesting that AAFB melanin powder was more dark colored. However, a * (2.26), b * (3.78), C * (4.41), and h • (1.03 • ) of melanin powder extracted from A. auricula fruit-bodies was very significantly higher than AAFB melanin powder (P < 0.01). This phenomenon happened because AAFB melanin was directly produced from oxidative The values are mean ± SD of three independent determinations. For each column, values with superscripts * or * * are significantly different at P < 0.05 or P < 0.01. polymerization of tyrosine or polyphenols by fermentation, while A. auricula fruit-bodies grow on solid culture in a natural environment. Therefore, AADF melanin contained extra substances, such as protein, carbohydrate, metal ions, and so on. [2, 4] These substances had resulted in additional coloring.
Solubility of melanins. The solubility experiments indicated that AADF melanin and AAFB melanin were insoluble in both water and all common organic solvents (such as ethanol, methanol, chloroform, acetone, ether, petroleum ether, benzene, ethyl acetate, butanol, etc.). It dissolved only in alkali aqueous solution and precipitated in acidic aqueous solution (pH < 3). The solubility of AADF melanin and AAFB melanin were very similar to those of natural melanin previously reported and synthetic melanin. [2, 4] Redox properties of melanins. The experimental results showed that AADF melanin and AAFB melanin exhibited marked redox properties. They were gradually oxidative bleached by KMnO 4 , NaOCl, H 2 O 2 , and K 2 Cr 2 O 7 , illustrating that AADF melanin and AAFB melanin could be decolorized by strong oxidant. Furthermore, they produced brown precipitate in FeCl 3 and grey precipitate in AgNO 3 . However, the absorbance of the melanins remained almost unchanged in Na 2 SO 3 , indicating that the two melanins were stable to the reducer. These results revealed that AADF melanin and AAFB melanin presented the same redox properties of natural melanins previously reported. [3, 4, 21, 24] UV-VIS absorption spectra of melanins. The UV-VIS spectra (200-800 nm) of AADF melanin and AAFB melanin were shown in Fig. 1 . Both AADF melanin and AAFB melanin absorbed strongly in the UV region and progressively less as the wavelength increased. According to a previous report, [1] strong optical absorbance in a wide spectral range was one of the most conspicuous properties of melanin due to the high degree of conjugation in the molecule. However, AADF melanin exhibited an additional shoulder at wavelength 260-280 nm. This property was similar to those of the melanin extracted from plant and animal, such as black tea leaves, [4] Osmanthus fragrans' seeds, [3] black-bone silky fowl, [2] and so on. On the contrary, AAFB melanin had no evident shoulder in the 260-280 nm region, which was similar to those of the melanin extracted from Hypoxylon archeri, [7] Phyllosticta capitalensis, [24] and Pleurotus cystidiosus [21] of microorganisms, and synthetic melanin. It was well known that normal proteins had an absorption maximum at about 280 nm. Therefore, AADF melanin might contain a certain amount of protein, which agreed with results reported by Liu et al. [25] and Tu et al. [2] Wavelength (nm) Infrared spectra of melanins. As observed in Fig. 2 , IR spectra for AADF melanin and AAFB melanin were very similar to each other. Detailed analysis of the IR spectra exhibited that a broad band at 3450-3350 cm −1 was indicative of stretching vibrations of OH and NH 2 groups, and a strong absorbance at 1650-1600 cm −1 correspond to vibrations of substantial aromatic groups (C=O or C=C). In addition, a relative weak band at 2950-2900 cm −1 might represent oscillation of CH 3 , CH 2 , or aliphatic C=H groups, and some small relative absorbance in the 2550-2400 cm −1 region might be attributable to represent bending and stretching of NH, CH 3 CH 2 , or CN functional groups. Both spectra showed similar binding properties to those of the melanin reported in the previous studies [2, 4, 21, 24, 26] and to those of synthetic melanin.
Antioxidant Activities of AADF Melanin and AAFB Melanin
Fe 2+ -chelating ability. The previous research reported that some transition metals, such as Fe 2+ , Cu + , Co 2+ , and so on, could trigger process of free radical reaction to magnify the cellular damage. [27] Among these metal ions, Fe 2+ was known as the most powerful pro-oxidant due to its high reactivity, which accelerated lipid oxidation by breaking down hydrogen and lipid peroxidase to reactive free radicals via the Fenton reaction. [28] Therefore, Fe 2+ -chelating activity was considered to be one of the most important antioxidant mechanisms. In this study, ferrozine could react with Fe 2+ to form red complexes of ferrozine-Fe 2+ . When there was another chelating agent, the ferrozine-Fe 2+ formation was disrupted, which resulted in a decrease of red complexes. Fe 2+ -chelating activity of antioxidant could be estimated by measuring absorbance of the reaction solution at 562 nm.
The chelating abilities of AADF melanin and AAFB melanin on Fe 2+ were shown in Fig. 3a . With the increase of concentration, the chelating abilities of AADF melanin and AAFB melanin on Fe 2+ also increased. There was no significant difference (P > 0.05) on chelating activity between AADF melanin and AAFB melanin at the concentration range of 0.2-0.6 mg/ml. However, when concentration exceeded 0.6 mg/ml, AAFB melanin showed significantly stronger chelating activity than AADF melanin (P < 0.05). At an identical concentration, the chelating abilities of AADF melanin and AAFB melanin on Fe 2+ were close to those of melanin extracted from black tea leaves. [4] Concentration (mg/ml) DPPH radical scavenging activity. Antioxidant properties, especially radical scavenging activities, were very important because of the deleterious role of free radicals in foods and biological systems. Excessive formation of free radicals accelerated the oxidation of lipids in foods and induced severe damage to adjacent biomolecules. [29, 30] DPPH assay evaluated the radical scavenging ability of antioxidants. Under ethanol solution, antioxidants could interact with the DPPH radical and transfer an electron or hydrogen atom to the DPPH radical, thus neutralizing its free radical character. [31] The color of reaction solution changed from purple to yellow and its absorbance at wavelength of 517 nm decreased. A lower level of absorbance indicated stronger free radical scavenging activity.
The scavenging activities of AADF melanin and AAFB melanin of various concentrations on DPPH radical were given in Fig. 3b . The scavenging effects of AADF melanin and AAFB melanin increased when corresponding concentration increases. Of all the concentrations tested (0.02-0.10 mg/ml), AAFB melanin showed significantly stronger activities than AADF melanin (P < 0.05). These results indicated that AAFB melanin had a stronger ability to scavenge the DPPH radical than AADF melanin.
Superoxide radical scavenging activity. Although the superoxide was a relatively weak oxidant, its combination with other reactive species, such as nitric oxide and hydroxyl, might yield stronger reactive species, which possessed greater oxidative ability than the precursor to initiate lipids peroxidation in a longer time. [29, 32] In addition, superoxide was also known to indirectly induce lipid peroxidation as a result of H 2 O 2 formation, creating precursors of hydroxyl radical. [28] Hydrogen-donating ability was a primary index of antioxidants. These antioxidants donated hydrogen to superoxide radicals, resulting in de-toxic of species and preventing the inhibition of the propagation phase of lipid oxidation.
The scavenging effects of AADF melanin and AAFB melanin increased slowly when concentration was raised ( Fig. 3c) . At concentrations of 0.2 and 0.4 mg/ml, AADF melanin and AAFB melanin demonstrated statistical similarity in scavenging activities. But, at higher concentrations, such as 0.6, 0.8, and 1.0 mg/ml, AAFB melanin showed a greater scavenging effect than AADF melanin (P < 0.05). At an identical concentration, AADF melanin and AAFB melanin's scavenge activities were slightly stronger to those of melanin from black-bone silky fowl and synthetic melanin. [2] 
CONCLUSION
In the present study, two purified melanin from fruit-bodies and fermentation broths of A. auricular were successfully obtained. According to the results stated above, AAFB melanin powder presented lower values (L * , a * , b * , C * , and h • ) than AADF melanin powder in visual color. Both AADF melanin and AAFB melanin were insoluble in both water and common organic solvents. They dissolved only in alkali aqueous solution and precipitated acidic aqueous solution (pH < 3). AADF melanin and AAFB melanin were gradually oxidative bleached by oxidant and were stable to reducer. They exhibited strong optical absorbance in a wide UV-VIS spectral range and their IR spectra were very similar to each other. Furthermore, these physicochemical properties were very similar to those of the melanin reported in the previous studies and to those of synthetic melanin. In addition, the antioxidant activities of both AADF melanin and AAFB melanin are high, particularly AAFB melanin. This suggested that AADF melanin and AAFB melanin could potentially be used in the food industry as a healthful food colorant.
